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CHAPTER 1: GENERAL INTRODUCTION 
Thesis Organization 
This thesis is written in an alternate format. The thesis is composed of a general 
introduction, two original manuscripts, and a general conclusion. References cited within 
each chapter are given at the end of each chapter. The general introduction starts with the 
driving force behind this research, and gives an overview of previous work on boron doped 
molybdenum silicides, Nb/Nb5Sh composites and boron modified niobium silicides. 
Chapter 2 focuses on the processing and oxidation characterization of single phases in the 
ternary Nb-Si-B system. Chapter 3 contains the microstructural analysis and oxidation 
behavior of the quaternary Nb-Mo-Si-B system. Chapter 4 summarizes the important 
results in this study. 
Literature Review 
Currently there is an increasing need for structural materials that can withstand 
oxidizing environments at elevated temperature. In terms of candidate materials for high 
temperature structural application, there is a temperature cut off at - 1000°C [ 1]. Below this 
temperature, it is possible to use nickel and cobalt-base superalloys and aluminide 
intermetallics. However, above 1000°C, for oxidation and strength reasons, one must shift 
to the silicon-based ceramics, advanced intermetallics, or silicide-based materials. 
Among the large numbers of silicides, refractory metal silicides have captured attention 
for application exceeding 1000°C. The most developed silicide is MoSh due to its 
combination of high melting point (2020°C ), relatively low density (6.24 g/cm\ superb 
elevated temperature oxidation resistance, and electrical conductivity[2, 3]. However, there 
are still some limitations for this material. At room temperature molybdenum disilicide 
exhibits poor strength and brittleness and at high temperature it has low creep resistance. 
Above 1200°C, MoSh heating elements tend to creep under their own weight. The high 
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creep rate of Mo Sh precludes this material from use as a structural component above 
1000°C. Several attempts[4, 5] have been made to improve these properties by forming a 
composite consisting of reinforcing ceramic particles such as SiC and ShN4 in a Mo Sh 
matrix, but these techniques require hot pressing which limits potential use due to the 
limited range of producible shapes. 
An alternative solution to reduce creep at high temperature would be to replace MoSh 
with a creep resistant material that has a high melting point and similar oxidation 
resistance. M5Sh -type transition metal silicides are the potential candidates because of 
their low creep rates, high melting temperatures and low density[ 6]. The creep rate of 
Mo5Si3 is lower than that of even whisker reinforced MoSiz at high stress level[2]. Recent 
research also found the oxidation resistance of Mo5Sh could be improved dramatically to a 
level near that of Mo Sh in the temperature range of 800-1450°C by adding less than 2 wt¾ 
boron [7]. However, two major problems, low fracture toughness and thermal expansion 
anisotropy, still limit this material use as a high temperature structural material. The 
interest in solving these problems results in the attention to Nb-Si-B system because this 
system offers a possibility of ductile phase toughening. 
Mo-Si system 
Figure 1 shows the Mo-Si binary phase diagram[8], with small terminal solid solubility 
ranges and three compounds. Mo5Si3 has a melting temperature of 2180°C compared to 
2020°C for Mo Sh. The crystal structure of impurity-free Mo5Si3 is tetragonal W 5Sh having 
the space group I4/mcm, while the crystal structure of MoSh is tetragonal corresponding to 
the I4/mmm space group. The Mo5Sh unit cell is very large and complex, and contains four 
formula units. The homogeneity (-2.5 at¾ silicon) ofMo5Sb makes the production of a 
single phase material much easier compared to the line compounds Mo3Si and MoSh. 
Because of the stability of Mo3Si, terminal solid solution Mo can not co-exist with the 
brittle Mo5Sb in thermodynamic equilibrium. 
A large and complex unit cell, accompanied by a large Burger's vector, is the reason 
that researchers first speculated that Mo5Sb would have better creep resistance than MoSiz. 
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Figure 1. Mo-Si binary phase diagram [8] 
MoSh. Shah and Anton [9] studied the creep rates for single phase Mo5Sb and MoSh as 
well as disilicide alloys. They found that the compressive creep rates at 1400°C and 172 
MPa were 2.25 x 10-7 for Mo5Sb and 4.32 x 10-5 for MoSh. The low creep rate and high 
melting temperature make Mo5Sb a candidate for high temperature application. However 
its oxidation resistance has generally been found to be unacceptable in high temperature 
use in air with a mass loss on the order of 100 mg/cm2/h at 1200°C[7, 10]. Oxidation of 
Mo5Si3 is characterized by porous scale formation and active oxidation below about 
1650°C. The reason for non-passivating scale formation has been explained in terms of two 
causes. The first possible cause is porous scale formation. If the scale initially forms with a 
high volume fraction ofMo03, subsequent volatilization ofMo03 (above 750 °C) leaves a 
4 
porous silica network. Alternatively, if the volume of scale produced is less than the 
volume of substrate consumed, the scale will not completely cover the substrate surface. 
Both processes lead to formation of a porous scale in the absence of viscous flow. Scale 
porosity allows oxygen transport via a short circuit path to the underlying silicide, allowing 
faster oxidation than would be expected from a diffusion controlled process. 
Another problem is that Mo5Sb has significant thermal expansion anisotropy along the 
a and c directions. The measured thermal expansion coefficient of Mo5Sb single crystal is: 
aa=5.2x 10-6 °C1, ac=l 1.5x10-6 °C1 and acfaa = 2.2 [11]. This can result in a substantially 
high residual thermal stresses, up to 1. 8 GP a, due to thermal expansion mismatch between 
different grains in the polycrystalline Mo5Sb materials. These large stresses are higher than 
the compressive and tensile strength, so they can fracture weakly bonded grain boundaries 
and cause transgranular cracking in cooling processes during fabrication. 
Mo-Si-B system 
Recently the addition of light elements, such as boron, to Mo5Si3 received considerable 
attention because the small amount of boron can improve the oxidation resistance of 
Mo5Sb dramatically [7]. The Mo-Si-B phase diagram was first investigated by 
Nowotny[12] in the 1950's. The isothermal section of phase diagram at 1600°C is given in 
Figure 2. Small amount of boron is incorporated into the Mo5Sb and yields a ternary phase, 
Tl, with the tetragonal W5Sb-type structure. Nowotny reported that Tl (MosSbBx) has a 
maximum solubility of 4.5 at.% boron, but recent work performed by Huebsch[13] 
suggests that the boron solubility is much lower, approximately 2 at%. Nowotny also 
reported another ternary phase, T2, with higher boron content (Mo5SiB2). The structure 
was determined to be tetragonal Cr5B3-type. 
As discussed previously, pure Mo5Sb has low oxidative stability. A mixed Mo03 and 
Si02 scale forms in which the Mo03 volatilizes above 750°C and leaves a porous silica 
layer. This discontinuous and highly viscous scale is a poor diffusion barrier for oxygen 
and allows for further deterioration of the material. Recently, it was found[7] that boron 
additions in the range 1-2 wt % improve the oxidation resistance of Mo5Sh by about five 
orders of magnitude at 1000-1450°C. When a small amount of boron is added to Mo5Sh, a 
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non-porous protective scale forms. The mechanism for oxidation protection is claimed to 
be due to the formation of a viscous borosilicate glass that can heal cracks and fill voids 
left by the evaporation of Mo03• Steady state parabolic oxidation rate is on the order of 
k=l0-4 mg2/cm4/h at 1050-1300°C. The oxide scale is -50 µm thick for undoped Mo5Sh 
oxidized at 1000°C for 80 hours, whereas the boron-doped Mo5Sh forms a continuous, 





MoB+ T 1+ T 2-N-~~-;.~~~-4---Jior~-~~--¥-~~---4. 
Mo 
Figure 2. Isothermal section of Mo-Si-Bat 1600°C [12] 
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Boron doping of Mo5Sb does not appear to decrease the high creep strength of Mo5Sb 
due to the complex unit cell. The creep rate for a three-phase microstructure consisting of 
Tl matrix and Mo3Si and T2 was found to be 1. 1 x 10-6 s-1 at 1300°C under 140 MPa. No 
dislocation motion was evident in Tl phase and only a few dislocations were noted in T2. 
The average activation energy of creep was -400kJ/mol [ 14]. 
However the thermal expansion anisotropy of boron-containing Mo5Sb (Tl) is still a 
problem. A recent study[ 15] in Ames Laboratory revealed that the thermal expansion 
anisotropy (aclaa) of Tl is between 1.87-2.41 compared to aclaa = 2.2 for Mo5Sb single 
crystal[l 1]. This makes it difficult to produce crack free samples. The study indicated that 
the addition of boron or change of the Mo:Si ratio has only minor effects on the thermal 
expansion anisotropy behavior of T 1 phase, therefore the reduction of this anisotropy will 
require further research on various substitutions for Mo and/or Si atoms. 
Currently, most research in Mo-Si-B system focused on the Mo3Si +Tl+ T2 and MoB 
+ Mo Sh + T 1 regions [ 16, 17]. Oxidation resistance of the alloys consisting of a matrix of 
T 1 is comparable to that of Mo Sh and their creep strength is vastly superior to that of most 
composites based on MoSh. However, the fracture toughness of these alloys is low because 
they consist of three brittle phases, and so the phase fields containing ductile Mo are also 
attractive. Nunes et al [18] recently confirmed the phase region of Mo+ T2. The annealing 
of arc-cast samples results in the formation of the Mo precipitates with a faceted 
morphology within the supersaturated T2 intermetallic phase. The indentation tests 
demonstrate that the Mo precipitates do act to impede crack growth and contribute to 
toughening of the two-phase microstructure. Schneibel et al [ 19] investigated the 
mechanical properties of the alloys in the Mo-Mo3Si-T2 region. The testing was performed 
on arc cast ingots of several compositions ranging from 20-50 vol.% Mo and various ratios 
ofT2 and Mo3Si. Depending on composition and heat treatment, the room temperature 
flexure strength varied from 300 to 600 MPa. The oxidation tests indicated an increase in 
the oxidation resistance at 1200 -1300 °C as the boron concentration increases and the Mo 
volume fraction decreases. However the oxidation resistance is far lower than that of MoSi2 
at comparable temperatures, which is expected due to the low silicon content compared to 
MoSh and boron doped MosSb compositions. 
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Nb-Si system 
The latest Nb-Si binary phase diagram[20] is shown in Figure 3. The Nb5Sh 
compound has the highest melting temperature of 25 l 5°C in Nb-Si system and low density 
(7.1 lgm/cm3). Nb5Si3 has the ordered tetragonal structure with 32 atoms/cell in both its 
allotropic forms: a-NbsSi3 (CrsB3 type; a=0.6571nm, c=l.1889nm) and~- Nb5Sh (W5Sh 
type; a=l.0040nm, c=0.5081nm). a-Nb5Si3 is low temperature phase while~- Nb5Sh is 
stable at high temperature. 
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Figure 3. Nb-Si binary phase diagram[20] 
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Nb5Sb can retain its high strength at elevated temperatures and is a highly creep-
resistant phase. It was reported [21] that the compression elastic strength ofNb5Sb is over 
600 MPa at 1500°C. The creep rate is on the order of 10-7 at 1350°C and the stress regime 
of 52 to 174 MPa[22]. Ultrasonic measurements by Subramanian et al [22] also revealed 
that the Young's modulus of a-Nb5Sb to be 338 GPa. However like other M5Sb type 
refractory metal silicides, Nb5Sb shows brittle premature fracture behavior at low 
temperatures. The monolithic Nb5Sb intermetallic showed a room temperature fracture 
toughness of 1-3 MPam112[23]. The oxidation resistance ofNb5Sb is also unacceptable. It 
was reported that the arc melted Nb5Sh crumbled after one hour exposure in air at 1000°C 
[24]. Subramanian et al [25] stated that Nb5Sb will suffer from catastrophic oxidation upon 
exposure to air above 500°C. 
As mentioned above, Nb5Sb shows brittle fracture behavior at low temperatures. 
However from Nb-Si phase diagram, it is noticed that the terminal niobium solid solution 
and Nb5Sb coexist up to the temperature of 1765 °C. So the Nb-Si system offers a 
possibility of ductile-phase toughing of the brittle Nb5Sb with the niobium solid solution. 
Therefore the Nb/Nb5Sb composites received considerable attention in current research. It 
was reported [23] that the room temperature fracture toughness ofNb/Nb5Sb composites 
ranged from 13 MPa • m112 for a Nb-16.5Si alloy to about 21 MPa • m112 for a Nb-lOSi 
alloy. Nekkanti and Dimiduk [21] measured the fracture toughness values of various 
Nb/Nb5Sh composites with different Nb contents and different processing conditions such 
as hot pressing and extrusion. The toughness of the composite increases as a linear function 
of Nb content and can be affected by the way it was processed. The creep rates for the 
Nb/Nb5Sh composites are more than an order of magnitude higher than that of monolithic 
NbsSb[26]. Nb/NbsSb composites exhibit a good balance between high temperature 
strength and low temperature toughness, however they still suffer poor oxidation 
resistance. Nb/Nb5Sb alloys oxidize mainly by oxygen diffusion, with the rapid formation 
of stratified and porous layers which spall off easily[25]. 
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Nb-Si-B system 
Nowotny[27] started the initial work on Nb-Si-B system in 1960 and published an 
isothermal section of the phase diagram at 1600°C (Figure 4). In that study, two ternary 
phases with large homogeneous regions were suggested. Boron is interstitially incorporated 
into Nb5Sb, forming NbsSbBx with D8s structure (hexagonal Mn5Sb-type ). When 
substitution ofB for Si takes places, Nb5(Si,B)3 is formed. Nb5(Si,B)3 has a body-centered 
tetragonal Cr5B3-type structure and was named T2 by Nowotny. The lattice parameters are 
a=0.7579nm, c=0.5265nm for D88 (54.5Nb-33.0Si-12.5B) and a=0.6385nm, c=l.168nm for 
T2 (62Nb-28Si-l0B). The lattice dimension of the D88-phase increases when boron is 
incorporated; while corresponding to the substitution of B for Si, the lattice constant of T2 
decreases. 
B 
Figure 4. Isothermal section ofNb-Si-B at 1600°C [27] 
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Recently Murakami and Y amaguchi[28] studied the oxidation behavior of 
compositions in Nb5Si3-NbB2-NbSh triangle which contains ternary phase D8s. The 
powder compacts were prepared by spark plasma sintering. The density ofD88 (56Nb-
34Si-10B) was over 90% of theoretical density after sintering at 1800°C and 49MPa 
pressure. The oxidation results showed that oxidation resistance increases in the sequence 
NbB2, Nb5Si3, D88 ( 56Nb-34Si- l OB) and Nb Sh (Figure 5). The oxide layer of D8s is as 
thick as 230 µm after exposure to air at 1250°C for 5 hours, and is composed ofNb20 5, 
Si02 and a large number of pores. No continuous Si02 layer formed. The oxidation 
resistance ofD88 was found to be better than that ofNb5Sb for a short duration oxidation 
experiment, but it is still extremely poor compared to NbSh. The authors, however, 
suggested the details of the oxidation behavior needs the long duration measurements. The 
authors also suggested that the difference in oxidation resistance between boron-doped 
Mos Sb and boron-doped NbsSb may be explained by the volatility of metal oxide. Since 
Niobium oxide, Nb20 5, doesn't volatilize, thus a continuous protective silica glass layer 
can not form on the material. 
On summary, boron doped Mo5Sb combines the excellent oxidation resistance and low 
creep rate, but suffers from low fracture toughness at low temperatures. Because of the 
stability of Mo3Si, it is not feasible to increase the toughness by producing Mo/Mo5ShBx 
composites. On the other hand, Nb-Si-B system offers a possibility of co-existence of 
ductile metal and boron doped NbsSb since the Nb3Si phase is unstable at low 
temperatures. However, the oxidation resistance of boron-containing phase T2 and D88 in 
Nb-Si-B system have not been investigated in detail. If boron modified niobium silicides 
are not oxidation resistant, the Nb/Mo substitution may be considered because there is a 
complete solubility between Nb and Mo according to Nb-Mo phase diagram[29]. The 
substitution of Nb for Mo may suppress the formation ofMo3Si and produce the silicide-
based alloys containing ductile metal phase. The excellent oxidation resistance of boron 
doped Mo5Si3 may also remain after the Nb/Mo substitution. Therefore in this study, the 
oxidation behavior of single phase T2 and D88 in Nb-Si-B system was investigated firstly 
which is presented in Chapter 2. Subsequently the effect of the Nb/Mo substitution on the 
microstructure and oxidation behavior was characterized in the Chapter 3. 
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Figure 5. Oxidation ofNb-Si-B powder compacts with five compositions at 1250°C [28]; 
Nb5ShB2 refers to D8g structure 
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CHAPTER 2: PROCESSING AND OXIDATION BEHAVIOR OF Nb-Si-B 
INTERMETALLICS 
A paper to be submitted to Intermetallics 
Y onghua Liu and Mufit Akinc 
Ames Laboratory and Department of Materials Science and Engineering 
Iowa State University, Ames IA 50011 
Abstract 
Single phase materials NbsSh, T2-Nbs(Si,B)3 and D8s-NbsShBx in Nb-Si-B system 
were prepared by powder metallurgy method. T2 was almost fully dense, while Nb5Sh and 
D88 were porous after sintering at 1900°C for 2 hours. The lattice parameters of T2 
decreased linearly as the substitution of B for Si increases. The isothermal oxidation test at 
1000°C in flowing air indicated that the oxidation resistances of T2 and D88 are much 
better than Nb5Sh, but still extremely poor compared to the boron modified Mo5Sh. The 
extensive cracks in oxide scale and matrix were observed and arose from the volume 
expansion associated with the formation ofNb20 5 and boron-containing silica glass. 
Introduction 
There is an increasing need for materials which can be used at high temperature to 
improve energy efficiency. Transition metal silicides show good potential for use as 
structural materials in excess of 1000°C. Specifically, M5Sh type compounds are attractive 
due to their high melting temperature, relatively low density and good creep resistance [ 1]. 
Drawbacks of single phase M5Sh include brittle fracture at ambient temperature and poor 
oxidation resistance at elevated temperature. However, some of these silicides can be at 
equilibrium with the terminal refractory metal solid solution phase, and therefore offer the 
potential for ductile phase toughing by forming M/M5Sh composites. Two phase 
Nb/Nb5Sh alloy is such a good candidate for high temperature application in this category. 
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Nb5Sh has a Cr5B3-type tetragonal crystal structure below 1645°C [2] and was observed to 
be a highly creep-resistant phase [3]. The compression elastic strength ofNb5Sh was 
reported to be over 600 MPa at 1500°C, but the room temperature fracture toughness is as 
low as 1-3 MPa.m 112 [ 4]. However the room temperature fracture toughness could be 
improved to 13 MPa.m112 by forming in situ Nb/Nb5Sh composite in Nb-16.5Si system [5]. 
The toughness ofNb/Nb5Sh composites increases almost as a linear function of Nb content 
[4]. Nb/Nb5Sh composites could exhibit a good balance between low temperature 
toughness and high temperature strength [ 4,5]. However, Nb/Nb5Sh alloys still suffer from 
catastrophic oxidation upon exposure to air at temperature above 500°C. 
Research in our laboratory has shown that the addition of a small amount of boron to 
Mos Sh and carbon to TisSi3 decreased the rate of oxidation by several orders of magnitude 
[6,7]. Dopants boron and carbon play different roles in Mo5Sh and Ti5Sh. The mechanism 
for improving the oxidation resistance ofMo5Sh with boron was shown to be the formation 
of a low-viscosity borosilicate glass that can heal cracks and fill voids left by the 
evaporation of Mo03 during the initial transient oxidation period. Boron additions ( < 2 
wt%) modifies the flow behavior of the scale and results in the formation of a continuous 
scale that can limit the oxygen diffusion. The mechanism for improving the oxidation 
resistance of Tis Sh with carbon was attributed to the lowering of the relative activity of Ti 
within the Ti5Sh crystal structure due to the formation of strong Ti-C bonds, thus the 
formation of Ti02 is suppressed and a protective scale of Si02 forms instead. 
Addition of boron to Nb-Si system was initially studied by Nowotny [8]. Two ternary 
phases with large homogeneity regions, T2-Nb5(Si,B)3 and D88-Nb5ShBx, exist as shown 
in the isothermal section of the Nb-Si-B phase diagram at 1600°C (Figure 1). T2 has a 
Cr5B3-type tetragonal crystal structure in which the substitution of B for Si takes place, 
while D88 has a Mn5Si3-type hexagonal structure in which B is on the interstitial site. The 
large phase field of Nb/T2 equilibrium suggests a possible balance of low temperature 
toughness and high temperature strength. However, the oxidation resistance ofboron-
containing T2 phase is unknown. Recently Murakami and Yamaguchi [9] reported that the 
oxidation resistance of D8s at 1250°C in air is poorer than that ofNbSii, but superior to 
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Figure 1. Isothermal section of Nb-Si-B system at 1600°C [8] 
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Nb5Si3 based on the 5 hour oxidation experiment. Therefore it is worthwhile to investigate 
the oxidation resistance of boron modified niobium silicides in long-duration in order to 
better evaluate niobium silicides as high temperature material. 
Experimental Procedure 
Six compositions in Nb-Si-B system were chosen for this study (Table 1). The 
starting materials used were 99.8% niobium rod (MPC of Ames Laboratory, Ames, IA), 
99.99 % lump silicon (Alpha Chemicals, Danvers, MA) and 99.5% lump boron (AESAR, 
Ward Hill, MA). Samples were prepared from starting materials by arc melting on a copper 
hearth with a tungsten electrode under argon. Before melting the sample, a zirconium 
button was melted to getter residual oxygen. Each sample was melted at least three times to 
ensure homogeneity. The typical mass of an arc-melted button was on the order of 25 
grams. 
Powder processing was performed inside an argon filled glove box with an oxygen 
content less than 0.6 ppm to reduce impurity levels as low as possible. The arc-melted 
buttons were ground in a tungsten carbide lined container (Model 8000 Mixer/Mill, SPEX 
Industries, Edison, NJ) with 0.2--0.3 wt% stearic acid. Powders were sieved through a-635 
mesh stainless steel sieve, with a nominal opening size of 20 µm, and uniaxially pressed 
into 0.95 cm diameter pellets at 186 MPa. Still inside the glove box, the samples were 
heated in a tube furnace at 550°C to remove the stearic acid under flowing high purity 
argon. Titanium sponge was placed near the pellets as a getter for nitrogen and oxygen. 
Pellets were then transferred to the sintering furnace without exposing them to ambient air. 
Samples were sintered at 1900°C for 2 hours in a high temperature furnace (Model M60, 
Centorr/Vacuum Industries, Nashua, NH) under flowing ultra high purity argon. The 
furnace was heated at 20°C/min and cooled at 5°C/min. 
After sintering, porosity and bulk density of the pellets were measured using the 
Archimedes technique. Phase identification and microstructure characterization were 
performed using X-ray diffraction (XRD, Scintag XDS 2000), scanning electron 
microscopy (SEM, JEOL, JSM 6100) and energy dispersive spectroscopy (EDS, Oxford 
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Instruments). Rietveld refinement ofXRD pattern was performed using GSAS (General 
Structure Analysis System) to determine the fraction of phases present and the lattice 
parameters. Peak profile coefficients, thermal parameters, specific atom sites, and lattice 
parameters were varied to obtain the best numerical fit for the X-ray data. 
Oxidation samples were polished using standard metallographic techniques including 
a final polish with 0.05 µm Ah03. The oxidation coupons (-0.8cm in diameter and-0.lcm 
in thickness) were suspended from a sapphire wire in a vertical tube thermo-gravimetric 
analyzer (System3, Cahn Instruments, Cerritos, CA) using an electrobalance accurate to 
0.01 mg. A 0.18mm diameter hole was drilled through coupons prior to polishing from 
which the coupons were suspended. Compressed breathing air was flowed over samples at 
1 OOml/min. Specimen temperature was increased at a rate of 20°C/min to 1000°C and held 
up to 120 hours. The oxidation-induced mass changes were continuously recorded as a 
function of time. The chemical composition and microstructure of the oxide scale were 
characterized using XRD, SEM and EDS. 
Table 1. Nominal compositions ofNb-Si-B samples, at.% 
Specimen Expected phase Nb Si B 
1 NbsSb 62.5 37.5 0 
2 Nb+T2 70 20 10 
3A T2 63 27 10 
3B T2 62 23 15 
4A D8s 56 32 12 
4B D8s 55 30 15 
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Results and Discussion 
Phase analysis and microstructure 
The results of Archimedes density measurement and phase analysis with XRD are 
presented in Table 2. Sample 1 contains mainly low temperature a-Nb5Sh which is boron-
free T2 structure. The presence of small amount of hexagonal Nb5Sh (2 vol.%) is most 
likely the result of not attaining equilibrium. Unlike Mo5Sh which can be sintered to near 
theoretical density at 1800°C [10], the density ofNb5Si3 was very low (78% theoretical 
density) in this study, even though material was sintered at 1900°C for 2 hours. The 
difference in sintering behavior between Nb5Sh and Mo5Sh might be attributed to their 
difference in melting temperature. Single phase Mo5Sh has a melting point of 2180°C, 
whereas the melting point ofNb5Sh is 2515°C. The higher melting temperature ofNb5Sh 
would predict a slower diffusion at a given temperature in Nb5Sh compared to Mo5Sh, and 
thus hinder densification during sintering. Fitzer [ 11] did report that the coefficient of 
silicon diffusion in Mos Sb is higher than in Nb5Sb by one order of magnitude at 1700°C. 
Sample 3A and 3B are nearly single phase materials (T2) with about 1 to 3 vol % 
metal phase Nb. The grain size of T2 is 20-30 µm (Figure 2). Sample 2 contains -20 vol% 
pure Nb in a T2 matrix. No cracks were observed in these samples due to the low thermal 
expansion anisotropy ofT2. It was reported [12] that the thermal expansion anisotropy 
acfaa is about 0.93 for T2 in Mo-Si-B system, thus a similar thermal expansion behavior is 
expected for T2 in Nb-Si-B system. The co-existence of Nb and T2 demonstrates the 
possibility of ductile-phase toughing of brittle silicide T2 with the Nb phase. These three 
samples (2, 3A and 3B) have the bulk density greater than 95% of theoretical density. This 
suggest that diffusion in boron-containing T2 phase is faster than in boron-free NbsSh, 
perhaps because Bis smaller than Si. However, there is no diffusion data available for T2. 
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Table 2. Density and phase analysis of Nb-Si-B samples sintered at 1900°C for 2 hours 
Sample Major phase Density, Relative Minor phase 
g/cm3 density,% 
1 a-NbsSb (T2) 5.5 78 Hex-Nb5Sh: 2 vol% 
2 T2 7.4 98 Nb, 20 vol.% 
3A T2 6.9 95 Nb, 3 vol.% 
3B T2 7.0 96 Nb, 2 vol.% 
4A D8s 5.4 77 NbB, 3 vol.% 
4B D8s 5.4 77 NbB, 8 vol.% 
4B* D8s 6.0 84 NbB, 19 vol.% 
4B** D8s 6.1 85 NbB, 3 vol.%, + 
4B*: sintered at 2100°C for 1 hour 
4B**: hot pressed at 1700°C for 1 hour under 100 MPa 
+: has a large amount of unidentified phase ( > 10% approximately) 
After sintering at 1900°C, samples 4A and 4B are nearly single phase D88 with a small 
amount ofNbB (3-8 vol%) as the minor phase. Sintered samples are porous and their 
density are less than 80% of theoretical. A higher sintering temperature (2100°C) and hot 
pressing (at 1700°C under 100 MPa for 1 hour) were employed to obtain a higher density. 
However, the density increased only slightly to a maximum of 85% of theoretical. 
Murakami and Yamaguchi [9] reported that the density of composition Nb-34Si-1 OB (D8s), 
which is close to the composition 3A in this study, was greater than 90% of theoretical by 
using spark plasma sintering between 1500° and 1800°C. However in their study a large 
amount of Si02 was observed in the microstructure, and this may behave as a sintering aid. 
Like monolithic Nb5Sb, the low sintering density of D88 may be related to a high melting 
point. Unfortunately no melting temperature has been reported for D88. For specimens 
containing D88 major phase under different sintering conditions, the fraction of NbB 
increases as processing temperature increases from 1700°C to 2100°C. This suggests that 
the boron content of the homogeneity region ofD8s decreases as temperature increases. 
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Figure 2. SEM micrographs ofNb-Si-B specimens sintered at 1900°C for 2 hours 
(a) Sample 1; (b) Sample 2; (c) 3A; (4) 4A. The dark areas are pores. 
Lattice constants 
By subtracting the minor phase compositions from the overall composition based on the 
phase fractions, the phase compositions of T2 and D88 in each sample were corrected and 
listed in Table 3. The lattice parameters for niobium silicides T2 and D88 determined by 
refinement of XRD patterns using GSAS are also presented in Table 3. The lattice 
parameters of a-Nb5Sb (boron-free T2) are in good agreement with the data (a= 6.570 A, 
c = 11.887 A) reported in literature[13]. The co-existence of T2 with pure Nb in samples 2, 
3A and 3B suggest that the lattice parameters of T2 refer to the Nb-rich boundary of the T2 
phase field. The isothermal section ofNb-Si-B phase diagram at 1600°C [8] indicates that 
the Nb-rich boundary of the T2 phase varies over a large B/Si range but at a nearly constant 
Nb concentration. The corrected compositions of T2 in Table 3 confirmed this result, and 
thus the difference in lattice parameters for T2 in this study are most likely related to 
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changes in boron and/or silicon contents. Figure 3 shows that the unit cell volume of T2 
phase decreases linearly with the increase of B/Si ratio, suggesting that boron atoms 
substitute onto silicon lattice sites. Similarly, the co-existence ofNbB and D8s suggested 
that the lattice parameters of D8s in this study correspond to the B-rich boundary of the D8s 
phase field. Since the boron composition changes by only a few at¾, large changes in 
lattice parameters for D88 are not expected. In hexagonal D88 structure, boron occupies an 
interstitial site and is expected to expand the lattice. As discussed previously, the phase 
field of D88 moves toward lower boron content with the increase in temperature, and thus 
the lattice parameters ofD88 in sample 4B* are much smaller than those in 4A and 4B. 
From this study, the boron solubility in D88 is about 5 at¾ boron at 2100°C. 
Table 3. Phase compositions and lattice parameters for T2 and D88 
Sample Phase Compositions, at¾ Lattice parameters, A 
Nb Si B B/Si a C vol, A3 
1 T2* 62.5 37.5 0 0 6.571(6) 11.887(7) 513.3(8) 
2 T2 62.9 24.7 12.3 0.50 6.435(2) 11.778(4) 488.1(4) 
3A T2 62.0 27.6 10.2 0.37 6.468(7) 11.806(5) 494.0(3) 
3B T2 61.5 23.2 15.1 0.65 6.404(0) 11.753(5) 482.0(3) 
4A D8s 56.2 33.2 10.5 0.32 7.590(7) 5.271(2) 263.0(2) 
4B D8s 55.5 33.3 11.1 0.33 7.593(9) 5.273(3) 263.3(5) 
4B* D8s 56.5 38.6 4.9 0.13 7.566(7) 5.264(3) 261.0(2) 
T2*: boron free a-NbsSi3 
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Figure 3. Unit cell volume change as a function of B/Si atomic ratio for T2 phase 
Oxidation 
Figure 4 shows the oxidation-induced mass gain for five compositions in Nb-Si-B 
system at 1000°C in flowing air as a function of time. The mass curves were fitted to either 
a parabolic model or a linear model, and the fit of the model is indicated by the correlation 
coefficient R (Table 4). Boron-free Nb5Sb (sample 1) underwent a rapid mass gain (17.7 
mg/cm2 /h). The outer layer disintegrated to powders, and after about 3 hours the sample 
fell out of the furnace, and so no further data was collected for this sample. A similar result 
was also reported by Jackson[ 14] in that arc melted Nb5Sh crumbled after one hour 
exposure in air at 1000°C. However, sample 4A ( D88 major phase) showed a much better 
oxidation resistance than Nb5Sb, although it was as porous as NbsSh. Sample 4A exhibited 
parabolic kinetics, however, the high parabolic rate constant (Kp = 15 mg2/cm4/h) indicated 
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that the scale formed was not protective. The sample 3A (T2 containing 10 at% B) has a 
much higher density than sample 4A, but exhibited only a slightly lower mass gain rate. 
Sample 3B (T2 containing 15 at% B) differs from sample 3A in B/Si ratio, and the linear 
rate increased by nearly a factor of three. Sample 2 (T2 + 20 vol¾Nb) oxidized much 
more rapidly than single phase T2 and D88• After 50 hours, the specimen was almost 
consumed, presumably due to the substantial Nb content. 
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Figure 4. Oxidation-induced mass change ofNb-Si-B samples at 1000°C in flowing air. 
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Table 4. Rate constants of the Nb-Si-B specimens oxidized at 1000°C 
Sample Major phase Time Parabolic Linear 
Kp R2 K1 R2 
1 NbsSi3 1-3 17.7 0.991 
2 Nb+T2 2-50 215 0.987 
3A T2 3-125 0.25 0.995 
3B T2 2-75 0.71 0.997 
4A D8s 1-50 15 0.999 
Kp: parabolic rate constant, mg /cm /h 
K1: linear rate constant, mg/ cm2 /h 
X-ray diffraction detected only Nb20 5 in the yellow-white surface oxide scales of all 
samples. No crystalline silica was detected by XRD, but from the Si02-B20 3 phase 
diagram[l5], borosilicate glass is expected in the scale because of the high B/Si atomic 
ratio (B/Si = 0.32-0.65). SEM and EDS analysis of the cross sections of oxidized 
specimens showed that the scale is composed of a very fine mixture ofNb20 5 and 
borosilicate glass (Figure 5). The scale thickness is about 400 µm for sample 3A after 125 
hours oxidation at 1000°C. Since the differences in standard free energy of formation 
between Nb20 5, Si02 and B203 are not significant [16], it was most likely that Nb, Si and 
B oxidized simultaneously and formed fine mixture of Nb20s and borosilicate glass. 
Scale spalling was not observed in the boron-containing specimens after cooling from 
the oxidation temperature. However, severe cracks in both the scale and matrix were 
observed in sample 3A (Figure 5). This cracking in T2 is a consequence of the volume 
expansion associated with the formation ofNb205, Si02 and B203. Based on reaction (1): 
(1) 
the volume of oxide products is almost 3 times greater than the volume of the matrix 
material. Oxides growth would lead to a tensile stress in the silicide matrix and a 
compressive stress in the scale along scale/matrix interface. The ensuing matrix cracking 
accelerated the rate of oxidation and resulted in a linear mass gain. The extensive cracks in 
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Scale 
Figure 5. Cross section of sample 3A (T2 phase) oxidized at 1000°C for 125 hours (a) 
cracks in matrix (bottom bright phase) extend through the scale ( top dark phase); (b) 
mixture ofNb20 5 (white phase) and borosilicate glass in scale. 
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the scale were most likely due to the thermal stresses during cooling. Since the thermal 
expansion coefficient ofNb205 is smaller than that ofNb5Si3 by a factor of four[l 7], it is 
believed that the scale formed on T2 will spall in a thermal cyclic test. 
Sample 3B has a higher rate of mass gain than sample 3A, and this can be explained 
from the B/Si chemistry. Sample 3A and 3B have almost the same contents of (B + Si), 
therefore a similar amount of borosilicate glass in the oxide scale was expected for these 
two samples. However, the higher B/Si ratio of 3B implied a higher fraction of B20 3 in 
silica glass. The increased B203 content widens the Si04-tetrahedral ring structure and 
increases oxygen transport through the glass[ 18]. 
Because sample 3A (T2 matrix) is much denser than sample 4A (D88 matrix), sample 
4A would be expected to have poorer oxidation resistance. However, no significant 
difference in mass gain was measured. One plausible explanation is that sample 4A has a 
larger (Si+ B)/Nb ratio than sample 3A, and thus more borosilicate glass is expected in the 
scale. The borosilicate glass would seal some of the cracks in the matrix, and subsequently 
decrease the oxygen transport through the scale. The coefficient of oxygen diffusion in 
Nb20s (8.7 x 10-11 cm2/sec) is almost 1000 times higher than in silica glass (1.8 x 10-14 
cm2/sec) at 1000 °C[l9,20], the oxidation process is most likely dominated by the diffusion 
of oxygen through Nb205. In this study, the fact that T2 and D88 have much better 
oxidation resistance than binary Nb5Sb suggests that additions of boron can improve the 
oxidation resistance of niobium silicides, although the improvement is limited. The 
difference in oxidation resistance between boron-doped Mo5Sb [6] and boron-modified 
niobium silicide is most likely due to the Nb20 5 which has a melting point l 460°C and 
does not volatilize. The rapid formation and growth ofNb20 5 competes with the flowing of 
the low viscous borosilicate glass. As a result, a continuous protective borosilicate layer 
does not form on the surface of material, and therefore rapid oxygen transport occurs 
through the scale. 
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Summary 
Powder compacts containing Nb5Sh, T2-Nbs(Si,B)3 and D8s-NbsShBx were prepared 
by sintering at 1900°C for 2 hours. T2 phase was almost fully dense, while NbsSh and D8s 
were porous, and this reflects that the diffusion process is slower in NbsSh and D8s than in 
T2. The co-existence ofNb and T2 proved the possibility for ductile-phase toughening of 
brittle silicide, although no fracture toughness tests were made to quantify this effect. For a 
constant Nb content, the lattice volume of T2 decreased linearly with an increase in the B 
content. 
The boron-free Nb5Si3 displayed pest oxidation at 1000°C in air. Boron-containing 
phases, T2 and D88, showed better oxidation resistance than Nb5Sh, but they are still 
extremely poor compared to boron-modified Mo5Sh. The oxide scale was composed of a 
fine mixture ofNb20 5 and borosilicate glass. Extensive cracking in the oxide scale and 
matrix for T2 composition was most likely attributed to the volume expansion associated 
with the formation of the oxides. 
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Abstract 
The microstructure and oxidation behavior of six compositions in the Nb-Mo-Si-B 
system were characterized using XRD, SEM, EDS, EPMA and TGA. The Nb/Mo 
substitution can affect the phase array and result in the co-existence of Tl and metal phase. 
The variations of lattice dimensions for the silicides Tl, T2, and D88 due to the Nb/Mo 
substitution agree with the Vegard's law. At 800°C, all compositions exhibited the 
catastrophic oxidation, while they achieved steady state mass gain at l 200°C. The high rate 
constants indicate the scales formed were not passivating. The scale was about 350-450 µm 
thick after oxidation at 1200 °C for 50 hours, and consisted of four layers. Borosilicate 
glass did not flow and close the pores left by the evaporation of Mo03 as in boron doped 
Mo5Sb system. Further investigation is needed to determine the oxidation mechanism. 
Introduction 
Recently, boron doped molybdenum silicide (T 1- Mo5SbBx), as well as the TI-based 
compositions in Mo-Si-B system, has received substantial attention [1,2, 3] because the Tl 
phase offers a combination of excellent oxidation resistance, a high melting point 
(~2200°C) and good creep resistance at elevated temperatures. However, a number of 
problems limit use of these intermetallics as a high temperature structural material. Two 
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major problems are low fracture toughness and thermal expansion anisotropy. According to 
the Mo-Si-B phase diagram [4], the phase fields adjacent to Tl contain intermetallic phases 
such as Mo3Si, Tl, T2-Mo5(Si,B)3, MoB and MoSh, all of which are brittle at ambient 
temperature. Schneibel et al. [3] reported that the silicide alloy Mo-26.7Si-7.3B, located 
whithin the Tl-T2- Mo3Si field, was very brittle at room temperature and even at 1200°C. 
Due to the thermodynamic stability of Mo3Si, the ductile Mo phase can not co-exist with 
the oxidation-resistant Tl phase. In addition, Tl phase has significant thermal expansion 
anisotropy. Recent research revealed that the thermal expansion anisotropy ( acf aa) of Tl is 
between 1.87-2.41 which is slightly dependent on the composition of Tl [5]. This high 
anisotropy can result in high residual thermal stresses and cause grain boundary cracking. 
The desire to solve these two problems lead us to consider Nb-Si system. This system 
offers a possibility of ductile phase toughening. According to the Nb-Si phase diagram [6], 
the Nb3Si phase is unstable at room temperature. Therefore, the ductile Nb phase can 
coexist with Nb5Sb. Extensive studies [7,8] have demonstrated that Nb/Nb5Sb composites 
offer a good balance of low-temperature toughness and high temperature strength. The Nb-
Si-B phase diagram [9] also suggests that Nb metal can exist in equilibrium with boron-
containing silicide (Figure 2). However little research on the engineering properties has 
been done on this system. Since there is complete solubility between Nb and Mo, the 
substitution of Nb for Mo may avoid the formation of Mo3Si and improve the toughness of 
the T 1 silicide by ductile phase toughening. In addition, Nb/Mo substitution may change 
the lattice parameter of the Tl silicide and subsequently reduce the thermal expansion 
behavior of Tl. It is unknown how Nb/Mo substitution will affect the oxidation resistance. 
Therefore, the objective of this study is to synthesize (Mo, Nb) silicides and investigate the 
effect of Nb/Mo substitution on their microstructures and oxidation behavior. Throughout 
this study, the W5Sb-type tetragonal structure is called Tl, the Cr5B3- type tetragonal 
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Figure 2. Isothermal section of Nb-Si-B system at 1600°C [9] 
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Experimental Procedure 
Six compositions in Nb-Mo-Si-B system were prepared (Table 1). The starting 
materials were 99.8% niobium rod (MPC of Ames Laboratory, Ames, IA), 99.9% 
molybdenum rod (Mi-Tech Metals, Indianapolis, IN), 99.99 % lump silicon (Alpha 
Chemicals, Danvers, MA) and 99.5% lump boron (AESAR, Ward Hill, MA). Samples 
weighing approximately 20 g were batched and then arc melted under argon in a copper 
hearth with a tungsten electrode. Before melting the sample, a zirconium button was melted 
to getter any residual oxygen. To insure chemical homogeneity each sample was melted at 
least three times. 
Table 1. Nominal compositions ofNb-Mo-Si-B samples 
Sample atomic percent, at% weight percent, wt% 
Nb Mo Si B Nb/Mo Nb Mo Si B Nb/Mo 
A 47 16 30 7 2.94 64.0 22.5 12.4 1.1 2.84 
B 31.5 31.5 30 7 1.00 42.6 44.0 12.3 1.1 0.97 
C 16.7 46.3 30 7 0.36 22.4 64.3 12.2 1.1 0.35 
D 53 17 23 7 3.12 67.7 22.4 8.9 1.0 3.02 
E 35 35 23 7 1.00 44.4 45.8 8.8 1.0 0.97 - ,, ......... ~-~--~ ... , .. ~., --~~----~ ~--, . 
F 18.9 51.1 23 7 0.37 23.8 66.4 8.8 1.0 0.36 
After arc melting, the samples were broken into small pieces and placed in an argon 
filled glove box with an oxygen content less than 1 ppm to keep impurity levels as low as 
possible. The arc melted buttons were ground in a tungsten carbide lined container (Model 
8000 Mixer/Mill, SPEX Industries, Edison, NJ) with approximately 0.8 wt% stearic acid as 
a grinding aid. After grinding, the powders were sieved through a 635 mesh ( < 20 µm) 
stainless steel sieve and pressed into pellets at 186 MP a in a 9 .5mm diameter stainless steel 
die. Still inside the glove box, the pellets were loaded into a small tube furnace to 
decompose the grinding aid at 550°C under flowing high purity argon. Titanium sponge 
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was placed near the pellets as a getter for nitrogen and oxygen. The pellets were then 
quickly transferred from the glove box to a high temperature furnace (Model M60, 
Centorr/Vacuum Industries, Nashua, NH) and sintered at 1900°C for 2 hours under flowing 
high purity argon. 
The bulk density of the sintered pellets was measured using the Archimedes method. 
The relative density was estimated by counting areas of the matrix and pores using image 
analysis. A Scintag diffractometer was used for powder x-ray diffraction scans with a 0.03 
step and a two seconds count time. The X-ray diffraction patterns were analyzed by the 
Rietveld method using GSAS (General Structure Analysis System, Los Alamos National 
Laboratory, Los Alamos, NM) software to determine the lattice parameters and phase 
fractions. Peak profile coefficients, thermal parameters, specific atom sites, and lattice 
parameters were varied to obtain the best numerical fit for the X-ray data. The 
microstructural characterization of sintered samples were accomplished by scanning 
electron microscopy (SEM, JSM 6100, JEOL, Peabody, MA) combined with energy 
dispersive spectroscopy ( EDS, Oxford Instruments, Oak Ridge, TN). The compositions of 
individual phases were determined using electron probe microanalysis (EPMA, ARL, 
Sunland, California). Approximately 100 data points were collected for each sample by 
automated analysis. 
The oxidation behavior of sintered pellets was examined at 800°, 1000° and 1200°C 
using a thermo-gravimetric analyzer (System3, Cahn Instruments, Cerritos, CA), which use 
an electrobalance accurate to 0.01 mg. Oxidation coupons -Imm thick were polished in 
successive steps to 0.3um alumina. A small hole (-0.2mm in diameter) was drilled through 
the coupons by electric discharge machining (EDM) prior to polishing. Specimens were 
then ultrasonically cleaned in deionized water and dried for at least two hours at 105°C in 
air before high temperature oxidation testing. The coupon was suspended from a sapphire 
wire in a vertical tube TGA and heated to desired oxidation temperatures at 20°C/min. 
Compressed breathing air was flowed over samples at 100 ml/min. Specimen mass change 
was recorded every two minutes. 
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Results and Discussion 
Density 
The bulk densities determined from Archimedes measurements and the relative 
densities derived by image analysis are listed in Table 2. The results show that when metal 
content (Nb + Mo) is fixed, the density increases as the Mo content increases. The density 
also increases with the metal content when Nb/Mo is fixed. The optical micrographs 
(Figure 3) show clearly the effect Nb/Mo ratio and metal content on the amount of 
porosity. This observation demonstrated that Nb-rich silicide is more difficult to densify 
than Mo-rich silicide. Our previous research indicated that the density ofNb5Sh was only 
78% theoretical after sintering at 1900°C for 2 hours, while Mo5Sh with 96% of theoretical 
density after sintering at 1800°C for 2 hours. The difference in observed sintered density 
can be understood by considering the difference in melting temperatures of Mo-rich and 
Nb-rich silicides. Single phase Mo5Sh has a melting point of 2180°C, whereas the melting 
point ofNb5Sh is 2515°C. The higher melting temperature ofNb5Sh predicts slower 
diffusion in Nb5Sh at a given temperature and thus solid state diffusion in the sintering 
process would be hindered. 
Phase analysis and microstructures 
The results of phase assemblages determined by XRD analysis and GSAS refinement 
are given in Table 3. EDS indicated that all phases present in samples contain both Mo and 
Nb because of mixed Nb/Mo substitution. 
Compositions A and B differ in Nb/Mo ratio but show very similar microstructures 
(Figure 4). Both compositions are three phase mixtures with a Tl matrix and T2 and D88 as 
the secondary phases. The fact that these two compositions have nearly the same phase 
fractions suggests that each individual phase has different compositions in samples A and 
B. According to the phase diagrams reported by Nowotny [9], there is a large homogeneity 
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Table 2. Densities ofNb-Mo-Si-B samples sintered at I900°C for 2 hours 
Sample Bulk density, g/cm3 Relative density 
A 6.6 83% 
B 7.3 91% 
C 7.8 97% 
D 7.6 93% 
E 7.9 96% 
F 8.3 99% 
Figure 3. Porosity ofNb-Mo-Si-B samples after sintering at I900°C for 2 hours, the dark 
areas are pores. 
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region for the hexagonal structure D8g in the Nb-Si-B system, but no hexagonal phase in 
the Mo-Si-B system. Therefore it is likely that the D88 phase in Nb-Mo-Si-B system is a 
Nb-rich phase. Severe micro-cracks were observed in both T 1 and D88 phases because of 
their substantial thermal expansion anisotropy [5, 10]. Compared to A and B, the 
composition C has the highest Mo content. As expected, the hexagonal phase is absent and 
a small amount of Mo-rich (Mo,Nb )3Si was detected by XRD. Extensive micro-cracking 
was also observed in the matrix T 1. 
Table 3. Phase array and phase volume fractions(%) ofNb-Mo-Si-B samples 
Sample Tl T2 D88 M M3Si 
A 58 29 13 
B 60 29 11 
C 68 27 5 
D 61 15 24 
E 41 26 9 23 
F 18 27 55 
Tl- Tetragonal (Nb,Mo)sShBx, WsSh type; T2- Tetragonal (Nb,Mo)5(Si,B)3, Cr5B3 type; 
D8g- Hexagonal (Nb,Mo )sShBx, MnsSh type; M- (Nb, Mo) solid solution; 
M3Si- (Mo,Nb )3Si 
Despite the same Nb/Mo ratio, composition D has a completely different microstructure 
than composition A. The total (Nb + Mo) content in D is greater than in A by 7 at%. Sample 
D is composed of a T2 matrix with 24 vol% (Nb +Mo) metal and 15 vol% D88 and no Tl 
phase was detected in this composition. Further increasing the Mo content to the same level 
of Nb as in composition E, four phases were identified: Tl, T2, D88 and metal phase (Nb+ 
Mo). Composition E appears to combine the proper mix of total metal content with Nb/Mo 
substitution since this is the only composition providing for the co-existence of T 1 and 
metal phase. No cracking was observed in Tl in this composition, and it is possible that the 
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Mo content was further increased ( composition F), both the metal phase and D88 
disappeared, and Mo-rich (Mo,Nb )3Si became the matrix phase. These results show that 
by substituting Nb for Mo, the formation of (Mo,Nb )3Si can be suppressed to yield a 
microstructure containing both the Tl and metal phase. However, the critical value of total 
metal content and Nb/Mo ratio for avoiding the formation of (Mo,Nb )3Si needs to be 
studied in greater detail. 
The phase compositions determined by electron probe microanalysis (EPMA) are 
presented in Table 4. Due to difficulties in quantitative determination of boron content 
using EPMA, only the Nb, Mo and Si content were measured. The quantitative results 
showed that all D88 phases are rich in Nb and M3Si phases are rich in Mo, which is 
consistent with the previous discussion. For composition A, Band C, the Nb/Mo ratios in 
T 1 and T2 are close to the nominally batched compositions. The large relative errors of Si 
content in T2 indicate chemical inhomogeneity, likely due to slower diffusion in T2 than in 
the other phases. For sample D and E, the compositions of T2 show more scattering with 
large uncertainties for Nb, Mo and Si content. Both of these compositions contain metal 
phase (Nb, Mo) and D8s, and this suggest that sluggish diffusion in T2 is further 
exaggerated in the presence of metal phase (Nb, Mo) and D88, inhibiting attainment of 
thermodynamic equilibrium. According to Nb-Si-B phase diagram [9], metal phase Nb can 
not co-exist with D88 in equilibrium for Nb-rich compositions, therefore it is expected that 
the phase fractions in Table 3 will change after annealing sample D and E at high 
temperature. For sample D, E and F, the Nb/Mo ratios in Tl and T2 are higher than in 
batched compositions due to the formation of a large amount of metal phase or M3Si. 
In order to check the reliability of EPMA results, the bulk compositions of each sample 
were calculated from the phase compositions derived by EPMA and phase fractions 
derived by XRD. The calculated bulk compositions were compared to the starting 
compositions (Table 5). The good agreement between calculated and starting compositions 
indicates the reliability of the EPMA results. 
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Table 4. Compositions of individual phases in Nb-Mo-Si-B samples determined by EPMA 
Sample Phase Nb, wt.% Mo, wt.% Si, wt.% Nb/Mo 
A Tl 62.8 ±0.8 20.6 ±0.6 15.6 ±0.4 3.05 
T2 63.5 ±0.7 22.7 ±1.2 10.7 ±2.4 2.80 
D8s 68.9 ±0.8 13.4 ±0.4 15.8 ±0.2 5.14 
B Tl 39.4 ±0.6 43.6 ±0.7 15.7 ±0.4 0.90 
T2 40.9 ±0.9 44.9 ±1.1 10.8 ±2.5 0.91 
D8s 51.8 ±0.5 30.4 ±0.3 15.7 ±0.4 1.70 
C Tl 21.8 ±0.4 61.4 ±0.7 15.6 ±0.6 0.36 
T2 22.8 ±0.8 62.4 ±0.9 11.5 ±2.4 0.37 
M3Si 17.6 ±1.4 73.4 ±3.2 8.9 ±0.9 0.24 
D T2 69.1 ±4.6 18.2 ±6.1 10.2 ±2.1 3.80 
D8s 74.6 ±0.8 10.0 ±0.5 15.3 ±0.4 7.46 
M 51.9 ±1.2 46.0 ±1.6 1.8 ±0.2 1.13 
E Tl 49.9 ±1.0 35.2 ±0.6 15.8 ±0.7 1.42 
T2 47.4 ±4.8 40.8 ±5.7 9.5 ±2.9 1.16 
D8s 59.4 ±0.7 25.4 ±0.5 15.6 ±0.4 2.34 
M 29.1 ±1.5 69.3 ±2.1 0.8 ±0.1 0.42 
F Tl 29.6 ±0.6 55.2 ±1.0 15.1 ±0.6 0.54 
T2 32.7 ±0.3 55.5 ±0.4 6.1 ±0.2 0.59 
M3Si 18.7 ±0.3 71.3 ±0.7 9.4 ±0.2 0.26 
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Table 5. Comparison between the starting compositions and calculated bulk compositions. 
The calculation is based on the phase compositions (EPMA) and phase fractions (XRD) 
Sample Starting compositions, wt% Calculated compositions, wt% 
Nb Mo Si Nb Mo Si 
A 64.0 22.5 12.4 64.8 20.7 14.3 
B 42.6 44.0 12.3 41.9 43.5 14.5 
C 22.4 64.3 12.2 22.2 63.2 14.4 
D 67.7 22.4 8.9 65.6 25.7 8.5 
E 44.4 45.8 8.8 44.3 45.6 9.9 
F 23.8 66.4 8.8 25.1 65.4 9.5 
The lattice parameters for individual phases were determined by XRD and GSAS 
refinement and shown in Table 6. For comparison, literature values for the lattice 
parameters of each single phase without Nb/Mo substitution are listed in Table 6. The 
results show that the lattice parameters of each phase with Nb/Mo substitution vary 
between the values of Nb-free single phase and the Mo-free single phase. For a fixed (Nb + 
Mo) content, the lattice parameters increase with an increase in Nb content since the 
atomic size of Nb is bigger than that of Mo. Using the phase compositions obtained by 
EPMA, the lattice dimensions for Tl, T2 and D88 from Table 6 are plotted as a function of 
relative atomic Nb concentration, Nb/(Nb + Mo), as shown in Figure 5. The horizontal 
errors bars reflect composition errors in EPMA measurements as given in Table 4. It can 
been seen that the unit cell volumes of all phases, except for T2 in composition D, increase 
linearly with relative Nb concentration. This result is in accordance with Vegard's law that 
lattice cell dimension varies linearly with the concentration of solute added. 
Because of the homogeneity regions for silicide Tl, D88, and especially for T2, the 
maximum and minimum lattice cell dimensions available in literature were marked as open 
symbols for each terminal phase in Figure 5. Figure 5 includes the lower and upper limits 
of unit cell volumes for Nb-free Tl [5], Mo-free D88 [9] and Mo-free T2 [9], while the 
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lattice dimension variations for Mo-free T 1, Nb-free D8s and Nb-free T2 are ignored due to 
their very small homogeneity regions. The variation of the lattice dimensions for silicides 
due to the Nb/Mo substitution should be always within a band formed by the minimum and 
maximum unit cells of the terminal phases. The location of each phase in the band can 
reflect its approximate composition, such as boron content. For Tl phase, a narrow band 
was formed by the compositions MosSh.94 (upper) [5], MosSh.97Bo.16 (lower) [5] and 
Nb5Sh [6], indicating the solubility ofB in Tl is very low. For D88phase, a wider band 
was formed by the compositions NbsSh.nBo.42 [9], Nb5Sh.76Bo.86 [9] and MosShC [13]. 
The upper boundary implies a higher interstitial boron content than lower boundary. 
Because both binary MosSh and boron doped Mo5Sh do not have a D88 structure, the 
lattice parameters of carbon stabilized Mo5Sh, which has a D88 structure, were used for 
comparison instead. It was noticed that all D88 phases in this study were located in Nb-rich 
portion, suggesting D8s is a Nb-rich phase. This result was consistent with the previous 
EPMA measurements. For T2 phase, a very wide band was formed by compositions Nb5Sh 
[11], NbsSi1.27B1.67 [9] and MosSiB2 [4]. Because of the substitution of B for Si in T2 
structure, the lower boundary represents the higher B contents than upper boundary. Figure 
3(c) showed that all T2 phases except in sample Dare close to the lower boundary, 
indicating these T2 phases are high in boron content. This can be explained by the 
microstructures of samples. The samples A, B, C, E and Fare all Tl or M3Si matrix 
materials which are considerably low in boron content. Therefore the boron element in 
samples mainly concentrated in minor phase T2, resulting the high boron content in T2. 
However, the sample D showed the different characteristics from other samples. The T2 
phase in sample D is located closely to the upper boundary, suggesting this phase is low in 
boron content. The reason is that the sample Dis an only T2 matrix material. Therefore it 
was expecting the T2 phase in sample D has much lower boron contents than in other 
samples. 
Table 6. Lattice parameters of individual phases in Nb-Mo-Si-B systems (A) 
Sample Tl T2 D8s M M3Si 
a C a C a C a a 
A 9.932(8), 5.041(1) 6.216(6), 11.535(1) 7.519(4), 5.219(0) 
B 9.816(4), 5.002(5) 6.138(5), 11.356(2) 7.480(6), 5.161(3) 
C 9.735(5), 4.967(3) 6.093(1 ), 11.232(8) 4.921(7) 
D 6.400(0), 11.751(2) 7.530(2), 5.232(8) 3.214(8) 
E 9.856(5), 5.015(4) 6.163(6), 11.422(4) 7.494(7), 5.184(1) 3.179(7) 
F 9.766(2), 4.982(2) 6.111 (8), 11.282(0) 4.929(3) ..,:::.. 
V't 
Mo* 9.642, 4.904 [5] 6.013, 11.034 [4] 7.285, 5.002 [13] 3.147 [12] 4.897 [12] 
Nb* 10.040, 5.081[6] 6.571, 11.887 [11] 7.554, 5.247 [9] 3.300 [6] 5.155 [14] 
Mo*: without Nb in composition; Tl-Mo5Sii.94; T2-Mo5SiB2; D8s-Mo5ShC 
Nb*: without Mo in composition; Tl-NbsSi3; T2-NbsSh; D8s-NbsSh.92Bo.42 
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Isothermal Oxidation 
Plots of oxidation induced mass change versus time for six samples at 800, 1000, 1100 
and 1200 °Care shown in Figure 6. These plots include the initial ramping up to the test 
temperature at 20 °C/min. Each curve is the result of two competitive mass change 
processes during oxidation, mass gain due to the oxidation of Nb, Si and B, and mass loss 
due to the volatilization of Mo03. 
At 800°C, all alloy compositions exhibited catastrophic oxidation behavior with either 
mass loss or mass gain. After 20 - 50 hours, all specimens were almost completely 
converted to yellow-green oxide products which contained Nb20 5. No crystalline Mo03, 
Si02 and B203 were detected by XRD, but borosilicate glass is expected in the oxide based 
on the Si02-B203 phase diagram[15]. The mixed oxide product very likely formed by the 
simultaneous oxidation of Nb, Si and B since these three elements have similar standard 
free energies of formation [16]. The evaporation ofMo03 resulted in a large amount of 
pores in the mixed oxide. The mass gain or mass loss of the specimen is strongly dependent 
on the weight ratio of Nb and Mo. The compositions with the same Nb/Mo ratio showed 
similar mass change behavior. Nb-rich compositions, A and D, have a rapid linear mass 
gain as expected as more non-volatile Nb205 forms than volatile Mo03. Sample D contains 
more metal (Nb + Mo) than sample A, but showed a lower mass gain rate than A, likely 
due to sample A having a much lower density than sample D (see Table 2). Mo-rich 
compositions, C and F, resulted in a rapid mass loss since much more Mo03 formed and 
evaporated. Specimen B and E have the similar amounts of Mo and Nb, so the mass gain 
induced by the formation ofNb20 5 is nearly counteracted by the mass loss caused by the 
volatilization of Mo03. Therefore, their slow mass gain rates are mainly attributed to the 
formation of borosilicate glass. The slow mass loss following the mass gain is most likely 
associated with the evaporation of trapped Mo03. 
Oxidation behavior of some specimens at 1000°C are quite different from that at 
800°C. Nb-rich compositions A and D showed the parabolic oxidation behaviors, but high 
rate constants (Kp = 11-13 mg2/cm4/h) indicate that the oxide scale is not protective. After 
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and E exhibited different oxidation behaviors. Sample B experienced a linear mass gain 
(0.20 mg/cm2/h) and formed a thick scale (-450 µm), while sample E underwent a rapid 
mass loss and was completely consumed within 10 hours. Samples C and F exhibited 
similar rapid mass loss as at 800°C and were almost completely oxidized. It is believed that 
the intermittent and rapid mass loss between 10 and 35 hours for composition C is 
attributed to the evaporation of trapped Mo03. 
At 1200°C, all specimens formed 350-450 µm scales and exhibited steady mass gain 
after an initial mass gain or loss. Except for sample F which has a large initial mass loss 
and then followed by a steady linear mass gain, all other compositions showed parabolic 
kinetics. The rate constants (Table 7) are higher than those of boron modified Mo5Sh [2] 
by several orders of magnitude, indicating non-protective scale formation. 
Table 7 Steady state rate constant at 1200 °C 
Specimen Fit model Steady state rate, mg2/cm4/h 
A Parabolic 58.6 
B Parabolic 31.2 
r-----G- Parabolic 12.4 
D Parabolic 60.3 
E Parabolic 36.9 
F Linear 0.33, mg/cm2h 
Because Nb-rich composition A and D showed nearly parabolic kinetics at both 
1000°C and 1200°C, the TGA tests were also conducted for these two samples at 1100°C 
to determine the activation energy of oxidation. The Arrhenius plots are shown in Figure 7. 
Similar rate constants and activation energies of oxidation are indicative of a same 
oxidation mechanism for these two compositions. The determined activation energies of 
oxidation ( 115-130 KJ/mol) are much lower than activation energy of the oxygen diffusion 
in Nb20 5 (202 KJ/mol) [17], indicating the oxidation mechanism was complex, and was 
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Figure 7. Arrenhius plot for Nb-rich compositions A and D. Q is the activation energy. 
The microstructures of oxide scales formed at 1200°C are very similar. Figure 8 shows 
the typical cross section of the oxidized specimen. XRD detected Nb20 5 on the surface but 
no crystalline Mo03, Si02 and B203. The concentration distribution determined by EPMA 
for 10 µm steps across the scale is shown in Figure 9 for specimen B oxidized at l 200°C 
for 50 hours. SEM microstructure indicated that a typical scale is composed of four layers. 
The outer layer, which is called as Layer 1, is almost pore-free and is primarily fine Nb20 5 
with a small amount of dispersed borosilicate glass. Beneath it, coarse Nb205 crystals 
within a borosilcate glass matrix and some larger pores constitute the Layer 2. EPMA 
results showed a large concentration variation for Nb and Si content in the region of Layer 





Figure 8. Cross section of composition B oxidized at 1200°C for 50 hours. (a) four-layer 
scale on the substrate; (b) Layer 2 which consists of Nb20 5 crystals (white), borosilicate 
glass (dark matrix) and large pores; (c) Boundaries between Layer 2, Layer 3 and Layer 4. 
Layer 3 is Mo-rich, very likely Mo03• Layer 4 is likely an internal oxidation region, 
containing both oxides and silicides. 
54 
Matrix Layer 4 Layer 3 Layer 2 + layer 1 
+ + + + 
70 
/9-% • Nb 60 
~ . \0 0 
oof o 
0 Mo 
+,J 50 • • ~ • • • * Si ... • 
C 40 0 • +,J • ro 30 * ** '- • +,J i C 0 
(* Q) 20 .. * C) ., 
C -**** **) ------------*-------------0 -------*------- II* * * 10 ** * • * * () * ~ 0 * * * 
0 *~ 
0 100 200 300 400 500 600 
Distance, micron 
Figure 9. Composition profiles of the cross section of sample B oxidized at 1200 °C for 50 
hours. The oxide scale consists of four layers as shown in Figure 8. The lines indicate the 
average composition distribution across the each layer. 
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beam may spot the different phases, phase boundary or pores. EPMA could not distinguish 
these two layers because Layer 1 is considerably thinner (-20 µm) than Layer 2 (-300 µm) 
and the major difference between them is primarily morphology, rather than concentration. 
The Mo content of the outer two layers is low ( < 5 wt¾), thus most of the molybdenum 
oxide has evaporated. However, a small concentration gradient for Mo is expected in these 
two layers since Layer 3, which is considerably enriched in molybdenum, exists beneath 
Layer 2. The maximum Mo content of Layer 3 (66.3 wt¾) suggests the layer is composed 
of Mo03, which has a Mo content of 66. 7 wt¾. Several data points in Layer 3 are high in 
Nb content, suggesting that the Mo03-enriched layer still contains a small amount ofNb-
rich particles. The bottom layer, called Layer 4, has lower Nb and Mo content than the 
substrate. When the contents of Nb, Mo and Si in Layer 4 were converted to the contents of 
their corresponding oxides (Nb205, Mo03 and Si02) and Bis also considered according to 
B/Si ratio, the total contents of all oxides for most data points in this region are greater than 
100% and between 104-120%. This indicates some of elements has not been completely 
oxidized in this layer and Layer 4 is very likely an internal oxidation region. Because Mo 
has the much higher standard free energy of formation than Nb, Si and B[16], it is very 
likely that some of Mo still remain unoxidized in this region. For all compositions in this 
study, severe cracks which were associated with the volume expansion due to the 
formation of Nb205, Mo03 and borosilicate glass developed in the matrix material and 
penetrated into the Layer 4. No cracks were observed in the other layers except for the 
composition C. 
Because most compositions exhibited parabolic kinetics at 1200°C, the oxidation 
process is believed to be diffusion controlled. The accumulation of Mo03 below Layer 2 
indicated that the Layer 2 was served as the diffusion barrier for highly volatile Mo03. 
Layer 2 could also be the barrier for inward oxygen diffusion. Since the diffusion 
coefficient of oxygen in Nb20 5 is 3 orders of magnitude higher than that of oxygen in silica 
glass[! 7, 18], the oxidation process is most likely controlled by the bulk volume or grain 
boundary diffusion of oxygen through Nb20 5• However, the determined activation energy 
of oxidation in this study is much lower than activation energy of the oxygen diffusion in 
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Nb20 5, indicating the oxidation mechanism was complex. Unlike the Mo-Si-B system in 
which borosilicate glass flows and fills the voids left by the evaporation of Mo03 [2], the 
flow of borosilicate glass is not enough, thus a large amount of pores still existed in the 
oxide scale for Nb-Mo-Si-B specimens. Apparently the existence of the non-volatile Nb20 5 
inhibited the flow of the borosilicate glass. Accordingly, the oxidation process needs the 
further study of scale evolution to better understand the exact mechanism. 
Summary 
Six compositions in the Nb-Mo-Si-B system with different amounts of the Nb/Mo 
substitutions were prepared by arc melting and sintering. The sample density decreases 
with increasing of Nb content. The microstructures depend on the compositions and Nb/Mo 
ratio. The co-existence ofT2 or Tl with metal phase was obtained in 53Nb-17Mo-23Si-7B 
and 35Nb-35Mo-23Si-7B systems, respectively. The lattice dimensions for Tl, T2, and 
D8s increase linearly as the Nb/Mo ratio increases. 
All alloy compositions underwent the rapid catastrophic oxidation at 800°C, while an 
almost steady state mass gain was achieved at 1200°C after a transient period. The 
oxidation behavior at 1000°C is between those at 800°C and 1200°C. The high oxidation 
rate constants at 1200°C indicate that the scales were not protective. The typical scale 
exhibited four layers: an outer layer that is pore-free and composed ofNb20 5 and 
borosilicate glass; below it, a considerably thicker layer consisting of coarse Nb20 5, 
borosilicate glass and pores; a highly Mo-rich region, likely Mo03; an internal oxidation 
region in which some silicides have not been oxidized completely. The oxidation 
mechanism is complex and needs more work to better understand the oxidation process. 
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CHAPTER 4: GENERAL CONCLUSION 
In order to avoid the formation of Mo3Si and improve the toughness of oxidation-
resistant alloys in the Mo-Si-B system, the effect of Nb/Mo substitution on the 
microstructure and oxidation behavior ofNb-Mo-Si-B intermetallics was investigated. The 
results showed that it is feasible to prepare Tl or T2 based alloys containing ductile metal 
phase by substitution of Nb for Mo in the Mo-Si-B system. Composition 53Nb-17Mo-
23Si-7B (atomic percent) contained 24 vol% metal phase and 15 vol% D88 in a T2 matrix, 
while composition 35Nb-35Mo-23Si-7B (atomic percent) consisted of 41 vol% Tl, 26 
vol% T2, 9 vol% D88 and 23 vol% metal phase. The existence of metal phase showed that 
ductile phase toughening of brittle Tl or T2 phase is realistically achievable. According to 
Nb-Si-B phase diagram, Nb metal can not co-exist with D88, therefore it is very likely that 
thermodynamic equilibrium was not achieved for these compositions at the sintering 
conditions used in this study. It was expected that the phase fraction will change after 
annealing these samples at high temperature. Because of the Nb/Mo substitution, the lattice 
parameters for T 1, T2 and D8g are all between their corresponding Mo-free and Nb-free 
single phase values. The unit cell volumes increased linearly with the amount of Nb/Mo 
substitution, consistent with Vegard's Law. 
Oxidation tests indicated that the substitution of Nb for Mo dramatically decreased the 
oxidation resistance of Tl-based alloys (Nb-free). All compositions studied in the Nb-Mo-
Si-B system exhibited catastrophic oxidation behavior and completely converted to oxides 
after 20-50 hours exposure to flowing air at 800 °C. Although parabolic behavior was 
observed for all compositions at 1200°C, the scales formed were not protective and the rate 
constants are considerably higher than that of boron modified Mo5Sb. The large amount of 
pores formed by evaporation of Mo03 in outer scale imply that the flow of borosilicate 
glass is not enough to fill pores as in boron modified Mo5Si3 (Nb-free). The large amount 
of Nb20 5 particles in scale prevented flowing of borosilicate glass from forming a 
continuous, protective layer. The existence of four layers in scale indicated that the 
oxidation mechanism is complex and need to be studied in great detail. When Mo was 
completely substituted by Nb (Nb-Si-B system), the scale is primarily Nb20 5 with 
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borosilicate glass. Severe cracks developed in the matrix and scale due to the large volume 
expansion associated with the formation ofNb20 5 and borosilicate glass. Since oxygen 
diffusion in Nb20 5 is three orders of magnitude higher than in silica glass, boron-doped 
Nb5Sh is unlikely to show good oxidation resistance. The difference in oxidation resistance 
between boron doped MosSh and boron modified Nb5Sh may be partially attributed to the 
volatility of Mo03 in the former leading to formation of continuous borosilicate glass scale, 
whereas non-volatile Nb205 prevents the formation of continuous protective scale. In order 
to improve the oxidation resistance ofNb5Sh, future work should focus on suppressing the 
formation ofNb20 5 by adding an element which can form strong bonds with Nb. Previous 
research in Ames Laboratory has shown that the addition of-3 wt¾ carbon to Ti5Sh 
suppressed the formation of Ti02 because the strong Ti-C bond lowers the relative activity 
of Ti within the Ti5Sh crystal structure. Since carbon also has a strong affinity with Nb, 
doping Nb5Sh with carbon is a reasonable modification. 
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